Global analytic potential energy surfaces for O͑ 3 P͒ +H 2 O͑ 1 A 1 ͒ collisions, including the OH+ OH hydrogen abstraction and H + OOH hydrogen elimination channels, are presented. Ab initio electronic structure calculations were performed at the CASSCF+ MP2 level with an O͑4s3p2d1f͒ / H͑3s2p͒ one electron basis set. Approximately 10 5 geometries were used to fit the three lowest triplet adiabatic states corresponding to the triply degenerate O͑ 3 P͒ +H 2 O͑ 1 A 1 ͒ reactants. Transition state theory rate constant and total cross section calculations using classical trajectories to collision energies up to 120 kcal mol −1 ͑ϳ11 km s −1 collision velocity͒ were performed and show good agreement with experimental data. Flux-velocity contour maps are presented at selected energies for H 2 O collisional excitation, OH+ OH, and H + OOH channels to further investigate the dynamics, especially the competition and distinct dynamics of the two reactive channels. There are large differences in the contributions of each of the triplet surfaces to the reactive channels, especially at higher energies. The present surfaces should support quantitative modeling of O͑ 3 P͒ +H 2 O͑ 1 A 1 ͒ collision processes up to ϳ150 kcal mol −1 .
I. INTRODUCTION

Collisions of O͑
O from surface outgassing give rise to rich optical spectra from the long-wave infrared ͑ϳ20-10 m͒ ͑Ref. 1͒ through the middle of the infrared ͑ϳ10-1 m͒ ͑Refs. 2 and 3͒ to the ultraviolet ͑ϳ0.3 m͒, 4 encompassing pure rotational, rovibrational, and electronic excitation, respectively. Because of the large mean free paths and high relative collision speeds of 8 km s −1 ͑64.8 kcal mol −1 ͒ and greater, these space measurements can be thought of as hyperthermal crossed beam experiments on a large scale. Direct collisional excitation of H 2 O, hydrogen abstraction to form OH+ OH ͑⌬H 0 = 15.8 kcal mol −1 ͒ ͑Ref. 5͒ with a ϳ1 -2 kcal mol −1 barrier, and hydrogen elimination to form H + OOH ͑⌬H 0 = 53.4 kcal mol −1 ͒ ͑Ref. 6͒ with an observed threshold of 60Ϯ 2 kcal mol −1 ͑Ref. 7͒ could all play a role in the observed radiation. Ground-based molecular beam 8 and shock tube experiments 9 have also observed similar radiation from O͑ 3 P͒ +H 2 O collisions. Recently, Brunsvold et al. 7 have measured and modeled this system at hyperthermal collision velocities of 8 km s −1 and higher, focusing on the H + OOH channel dynamics and the competition with the OH + OH channel. The competition of hydrogen abstraction and elimination has also been observed in O͑ 3 P͒ +CH 4 ͑Ref. 10͒ and O͑ 3 P͒ +NH 3 ͑Ref. 11͒ collisions and seems to be common in hyperthermal O͑ 3 P͒ chemistry. In our previous modeling of the O͑ 3 P͒ +H 2 O system, 12 we fit the three lowest triplet adiabatic potential energy surfaces leading to OH+ OH products based on ab initio electronic structure calculations. The surfaces were spline-based fits of ϳ20 000 fixed geometry ab initio calculations at the complete active space self-consistent field+ second order perturbation theory ͑CASSCF+ MP2͒ level with an O͑4s3p2d1f͒ / H͑3s2p͒ one electron basis set. We also performed classical dynamics calculations for a range of hyperthermal velocities and computed rate constants to form OH + OH. This work suggested that a significant amount of the observed infrared radiation following hyperthermal O͑ 3 P͒ +H 2 O collisions was due to highly rovibrationally excited OH. This OH radiation was in addition to the expected direct collisional excitation of H 2 O by O͑ 3 P͒, modeled in earlier theoretical work. 2, 13 The work of Karkach and Osherov 14 has shown that collisions of O͑ 3 P͒ +H 2 O take place on a global triplet H 2 O 2 potential surface, which plays a significant role in hydrogenoxygen combustion. On this surface, there are 12 bimolecular reactions formally possible between four channels at low collision energies: H 2 +O 2 , O+H 2 O, OH+ OH, and H + OOH. This comprehensive work determined transition states and rate constants for many relevant reactions and showed how these channels connected. However, all these efforts have not yet produced a quantitative description of observed radiation in space and ground experiments from detailed knowledge of the potential surfaces, nor in many cases have basic mechanisms been definitely identified.
The present paper extends our previous work on deter-mining global analytic potential energy surfaces for O͑ 3 P͒ +H 2 O collisions to include both the OH+ OH and H + OOH reactive channels. Calculations were performed again at the CASSCF+ MP2 level with an O͑4s3p2d1f͒ / H͑3s2p͒ one electron basis set using the GAMESS electronic structure code. 15 Approximately 10 5 geometries were used to fit the three lowest triplet adiabatic states corresponding to the triply degenerate O͑ 3 P͒ +H 2 O͑ 1 A 1 ͒ reactants, compared to ϳ20 000 geometries in our previous work. To fit the ab initio points, the method of Bowman and co-workers 16, 17 was used, which includes all nuclear degrees of freedom, and where the interchangeability of like-atoms is built into the functional form of the potential. The following excitation and reactive processes were included The third surface leading to OOH͑B͒+ H, with an excitation energy of ϳ192.9 kcal mol −1 , 6, 18 was too high in energy and was not followed to products.
An overview of the surfaces addressed in the present work is shown in Fig. 1 . The energy zero corresponds to separated O + H 2 O reactants and includes zero-point energy.
The left side of the figure shows the reactants, products, and transition states for reactions ͑2͒-͑4͒ above. Only overall triplet electronic states are shown. In the figure, S1, S2, and S3 refer to the first three triplet adiabatic electronic surfaces which are degenerate in the O + H 2 O separated reactants, following the notation of Ref. 12 . The labels TS1-TS5 refer to transition states, following the nomenclature of Ref. 14, and have a similar geometry for each of the three triplet surfaces. On the right side of the figure we show reaction paths to other transition states and to H 2 +O 2 products, based on the work of Karkach and Osherov for the lowest triplet surface, S1, as well as other product channels which are not directly addressed by surfaces fit in the present work. Given these facts, the reasonable level of agreement with experimental data using the present triplet only surfaces, and the good agreement with experimental data for O͑ 1 D͒ +H 2 O͑ 1 A 1 ͒ reactions using a singlet surface in Ref. 20 , electronic coupling between triplet and singlet surfaces is probably small. However, an explicit treatment of this singlettriplet coupling has yet to be done. Apart from these considerations, we judge the quality of our present fitted surfaces to be very good from the O + H 2 O threshold to about 150 kcal mol −1 . Above this energy the quality of the fits begins to fall off and fragmentation of the OOH product probably becomes increasingly important. Therefore taken together, we believe the present surfaces should be able to quantitatively model O + H 2 O collision processes from threshold to ϳ120 kcal mol −1 and probably up to 150 kcal mol −1 . The main goal of the present paper is to give the details of these fitted surfaces and to assess their quality for future in depth dynamical studies. As part of this assessment, we used variational transition state theory with the present surfaces to compute rate constants leading to OH+ OH and H + OOH, which compare favorably to available measurements. We have also computed total cross sections using quasiclassical trajectories ͑QCTs͒ for production of OH+ OH and H + OOH from 4 to 11 km s −1 ͑16.2 to 122.5 kcal mol −1 ͒. We compared these results to our previous work which did not include the H + OOH channel 12 and to the measurements and direct dynamics modeling results of Brunsvold et al. 7 For the OH+ OH channel, the present results are about a factor of 4 lower than those reported by Brunsvold et al. using B3LYP density functional direct dynamics on a single surface and about a factor of 2 lower than our previous results 12 which used fitted surfaces only for the OH+ OH channel. For the H + OOH channel, the present results are about a factor of 5 larger than the B3LYP direct dynamics cross sections of Brunsvold et al. 7 at threshold and are nearly same at 120 kcal mol −1 . The present H + OOH results have good agreement with molecular beam measurements 7 for the relative cross section. In all these calculations, each surface is considered independently, and electronic and spin-orbit coupling to nearby singlet surfaces is not considered. We have also computed flux-velocity contour maps at selected energies for H 2 O collisional excitation, OH+ OH, and H + OOH to further investigate the dynamics, especially the competition between OH+ OH and H + OOH. Even in such a small and elementary system, the dynamics of these two channels are different and give rise to distinctly different angular distributions. We find large differences in the contributions of each of the electronic triplet surfaces, especially at higher energies where the OH+ OH and H + OOH channels are competitive. It is hoped that these initial results may be a useful guide for future hyperthermal measurements of these quantities.
The paper proceeds as follows. Section II describes the ab initio electronic structure calculations, the fitting of the potential energy surfaces, and some general properties of the fitted surfaces. Section III describes the rate constant calculations and QCT calculations for the OH+ OH and H + OOH channels. Section IV gives conclusions.
II. FITTING THE POTENTIAL SURFACES
A. Ab initio calculations
To achieve high accuracy, the CASSCF+ MP2 theory was used within the GAMESS computational chemistry package. 15 These calculations are performed using a ten electron, eight orbital CASSCF, or CASSCF͓10, 8͔. The triple zeta valence ͑TZV͒ ͑4s3p͒ basis set of GAMESS plus two d and one f functions on the oxygens and two p functions on the hydrogens were used ͑O͑4s3p2d1f͒ / H͑3s2p͒͒ for a total of 90 basis functions. The CASSCF͓10e8o͔ includes excitations within the space of two bonding, two lone pair, two singly occupied, and two unoccupied antibonding orbitals. ͑The 1s and 2s oxygen orbitals are not included in the CASSCF space.͒ For the MP2 calculation, all orbitals are included, except the 1s oxygen cores. The active space was chosen in order to ensure that the proper orbitals were included to characterize the reactant and product states and bond breaking and formation. 14 have determined geometries of the lowest triplet electronic state of these transition structures, which are used as starting points for building a large database of geometries for fitting the surfaces. The database was constructed in the following way. Given the structure TS1 in Fig.  1 , R1 was held constant at 1.83 a.u. while R2 and R3 were individually varied from 1.13 to 8.69 a.u. with steps of 0.76 a.u. The angles 1 and 2 were varied from 0.873 to 5.585 rad with a step size of 0.523 rad. The dihedral angle was varied from 0 to 3.14 rad with a step size of 0.523 rad.
Similarly for TS5 in Fig. 1 , R1 was fixed at 1.83 a.u. while R2 and R3 were varied from 1.13 to 8.69 a.u. with steps of 0.76 a.u. The angles 1 and 2 were varied from 0.873 to 2.967 radians with a step size of 0.523 rad, and the torsion angle was varied from 0 to 3.14 rad with a step size of 0.523 rad. This set of points provides adequate sampling of the TS1 and TS5 regions. While the vast majority of electronic structure calculations at these geometries converged, some structures with O-O internuclear distances less than 1.89 a.u. did not, and they are excluded from the fitted surface.
Geometries closely related to the reactant and product states were examined using a coarser set of ab initio points. For the initial reactant state, the H 2 O minimum geometry of Partridge and Schwenke was used 23 This initial set of geometries sampling the reactant, OH+ OH and H + OOH product spaces, and transition state, TS1 and TS5-like structures, total approximately 95 000 internuclear configurations. These points were initially fit with the procedure described below. 16, 17 The fit was used in several O + H 2 O QCT calculations at a number of collision energies. Undersampled areas of the potential surfaces were quickly identified from the QCT calculations and additional geometries were generated and the surfaces were refit. Several iterations of this refitting procedure added approximately 15 000 geometries. Approximately 110 000 separate internuclear configurations were used in the final fits of the surfaces.
B. Potential energy surface fits
Potential energy surfaces were constructed using a functional form and fitting procedure described in detail in Ref. 17 . Each of the three lowest triplet electronic states is fit separately. For a particular surface fit, the six internuclear bond distances, r ij , are used, as this facilitates a representation that is invariant with respect to like-nuclei. The basis functions used are functions of auxiliary variables x ij = exp͑−r ij / a͒. The fits were of the form p͑x͒, where p͑x͒ is polynomial in all the x ij . For p͑x͒ we used a seventh degree polynomial giving a total of approximately 500 terms for each surface.
To assess the quality of the fits, we calculated the root mean square deviation ͑RMSD͒ between the fitted potential energy surface ͑PES͒ and CASSCF+ MP2 energies. Figure 2 shows the RMSD in 10 kcal mol −1 energy bins with respect to the O͑ 3 P͒ +H 2 O͑ 1 A 1 ͒ reactant asymptote. Below the CASSCF+ MP2 energy of 50 kcal mol −1 , the RMSD is less than 3 kcal mol −1 . The hydrogen abstraction reaction occurs in this energy region of the surface and this small RMSD value insures an accurate dynamics simulation with the fitted PES. Additionally, a quality fit in this low energy region is necessary to characterize the internal energy of inelastically scattered ͑nonreacted͒ H 2 O in future dynamics simulations. For CASSCF+ MP2 energies less than 150 kcal mol −1 , the RMSD is less than 10 kcal mol −1 . This energy region includes the hydrogen elimination reaction. While there is spike of approximately 50 kcal mol −1 in the RMSD on the S3 surface at approximate 160 kcal mol −1 , we limit the collision energy to 122.5 kcal mol −1 ͑maximum collision velocity of 11 km s −1 ͒ in the simulations described below.
C. Properties of the fitted PESs
The CASSCF-MP2 ab initio and fitted PES stationary point energies are given in Tables I and II for the abstraction and elimination channels, respectively. Results are given for the three lowest triplet electronic states, S1, S2, and S3, and compared to literature values. Values in parentheses include zero-point correction. Figure 1 gives the transition state structures of the lowest fitted surface as verified by a single imaginary frequency, and these geometries were used to determine the TS1 and TS5 energies in the Tables for all electronic states. Likewise, the minimum energy reactant H 2 O ͑O-H=O-H=1.814 a.u.;H-O-H=1.94 rad͒ and product OOH ͑O-O=2.55 a.u.;O-H=1.85 a.u.;O-O-H = 1.72 rad͒ and OH ͑O-H=1.85 a.u.͒ geometries of the lowest triplet fitted surface were used to determine the reaction energies. For the Table I results, we first note that the use of three-state averaging to describe the quadruply degenerate OH+ OH products make the ⌬E CASSCF+ MP2 S1, S2, and S3 energies ͑and the OH+ OH S1, S2, and S3 PES energies͒ slightly different from each other. Referring to the zero-point inclusive values in the Table, the CASSCF + MP2 reaction and transition energies for the S1 state underestimate the best literature values by 2 -4 kcal mol −1 , with the PES having a larger barrier height than the CASSCF+ MP2. However, the difference between the TS1 barrier and OH+ OH asymptote of ϳ2 kcal mol −1 for the S1 PES is in excellent agreement with the best available literature value. The CASSCF+ MP2 barrier heights of 21.6 and 39.1 kcal mol −1 for the S2 and S3 surfaces, respectively, clearly show that both S2 and S3 states contribute to the overall OH reactive cross section at collision velocities above ϳ7 km s −1 . The PES energies are consistent with the CASSCF+ MP2 values, with the largest error being 7.4 kcal mol −1 for the S3 barrier height. The fitted surfaces for the hydrogen abstraction reaction are compared with the ab initio points in Fig. 3 . The potential of the S1, S2, and S3 states are plotted in ͑a͒, ͑b͒, and ͑c͒ for the CASSCF+ MP2 calculations and compared with the S1, S2, and S3 states of the fitted PES in ͑d͒, ͑e͒, and ͑f͒. The TS1 geometry from Fig. 1 is used, where R1, 1, 2 , and are fixed while R2 and R3 are varied from 1 to 5 a.u. As the values of R2 increase with R3~1.83 a.u., the O -H 2 O complex shifts toward the OH+ OH product state, and likewise as the values of R3 increase with R2~1.83 a.u., the O -H 2 O shifts toward the reactant state. In comparing the fitted PES with the ab initio surfaces, the general features of the surface are well reproduced by the fit, with the largest errors occurring near the saddle region of the S3 surface. Near the saddle point, the fitted PES underestimates the barrier height. This underestimate would tend to overpredict the reactive cross section on the S3 surface very close to the OH+ OH threshold. However, outside of the saddle point region, the fitted PES for the S3 state well reproduces the characteristics of the ab initio surface.
For O͑ 3 P͒ +H 2 O͑ 1 A 1 ͒ → H͑ 2 S͒ + OOH͑ 2 A͒, hydrogen elimination, the stationary point energies are given in Table  II . While the S3 surface was calculated, no H + OOH product minimum was found. The reaction energy for the S1 surface is 48.5 kcal mol −1 including zero point using CASSCF + MP2 and 49.7 kcal mol −1 including zero point using the PES, which are within 5 kcal mol −1 of the experimental benchmark literature value of 53.4 kcal mol −1 . 6 On the S2 surface, the reaction is more endothermic by 21.5 and 19.8 kcal mol −1 for the CASSCF+ MP2 and the fitted PES, respectively. The ab initio and PES reaction energies are within 4 kcal mol −1 of the best literature value for the S2 electronic state. 6, 18 It is interesting that the reaction barriers for the abstraction reaction for all three electronic states are less than the energy threshold for elimination. For the S1 state elimination reaction, the barrier height is 64.4 and 62.6 kcal mol −1 ͑ϳ8 km s −1 ͒ using CASSCF+ MP2 and the fitted PES, respectively. This compares to a value of 60Ϯ 2 kcal mol −1 estimated by Brunsvold et al. as indicated by the onset of appearance of OOH product in molecular beam measurements. 7 The barrier height for the S2 state is 81.4 and 82.7 kcal mol −1 ͑ϳ9 km s −1 ͒ using the CASSCF + MP2 and PES, respectively.
For the elimination reaction, the fitted surfaces are compared with the ab initio surfaces near the saddle point in Fig. 4 . The S1, S2, and S3 results for the CASSCF+ MP2 calculations are shown in ͑a͒, ͑b͒, and ͑c͒ compared to the fitted PES shown in ͑d͒, ͑e͒, and ͑f͒. The transition state geometry given in Fig. 1 is used where R1, 1, 2, and are fixed while R3 and R2 are varied from 1.5 to 6.5 a.u. In these plots, as R3 is increased and R2 ϳ 1.83 a.u., the O -H 2 O 2 O asymptote. The ⌬E columns list energies of the H + OOH product relative to the O + H 2 O asymptote. Values in parentheses include zero-point correction. The geometry of the TS5 structure is given in Fig. 1 and is ⌸͒ reaction. The S1, S2, and S3 state results for the CASSCF+ MP2 calculations are given in ͑a͒, ͑b͒, and ͑c͒, respectively. The S1, S2, and S3 state results for the fitted PESs are given in ͑d͒, ͑e͒, and ͑f͒, respectively. The geometry is defined according to the TS1 transition state shown in Fig. 1 . The R2 ͑ab-scissa͒ and R3 ͑ordinate͒ are varied to produce the energy contours. The energy zero corresponds to the equilibrium geometry of the separated O +H 2 O͑ 1 A 1 ͒ reactants.
complex is more reactantlike and as R2 is increased and R3 ϳ 2.6 a.u., the complex is more productlike. Overall for the S1 and S2 states, the energy surface is as well characterized using the fitted PES as the ab initio calculation. For completeness, we also plot the elimination S3 state for both the CASSCF+ MP2 and the PES in Figs. 4͑c͒ and 4͑f͒. No H + OOH local minimum is observed, and the potential is entirely repulsive outside of the O + H 2 O reactant state in this configuration for the energies we examined. This is correctly reproduced on the PES. In Fig. 5 , the current fitted surfaces ͑a͒-͑c͒ and our previous fitted surfaces 12 ͑d͒-͑f͒, which do not include the H + OOH channel, are compared. In these plots, the triatomatom Jacobi coordinate notation is used 26 where each vector is constructed from the center of mass of the previous one as shown in the inset of Fig. 5͑f͒ . For large R and small r 2 Ј, the O+H 2 O reactant channel is visible. For small R and large r 2 Ј, the H + OOH product state is seen. For large R and large r 2 Ј, the OH+ OH is visible. In these coordinates all reactants and products are visible, and the inclusion of the H + OOH channel in the present S1 and S2 surfaces is clearly evident.
The contour plots shown in Fig. 6 compare the three O͑ 3 P͒ +H 2 O͑ 1 A 1 ͒ electronic surfaces for the current work ͑a͒-͑c͒ and our previous PESs ͑Ref. 12͒ ͑d͒-͑f͒ in a different set of coordinates. In this figure, the H 2 O is fixed at the planar geometry given for TS5 in Fig. 1 . The position of the atomic oxygen is varied in the plane of the H 2 O. For visualization purposes, the maximum contour shown is 100 kcal mol −1 . However, the repulsive potential wall increases to several thousand kcal mol −1 as the O-O distance decreases to approximately 1 a.u. At very small O-O internuclear distances, where no ab initio results are available, negative, unphysical values of the fitted potentials did appear. For the classically based dynamics simulations discussed here, these regions can never be accessed. However, for quantum dynamics simulations, it may be necessary to add more ab initio points or extra repulsive terms in the fitting procedure. In Fig. 6 , the transition state region leading to the OH+ OH product is clearly evident in each of the plots as the oxygen atom approaches the hydrogen atom with the longer bond length ͑2.4 a.u.͒. As the O-atom approaches this hydrogen, the potential energy decreases to approximately 20 kcal mol −1 ͑blue contour͒, which is close to the barrier for the abstraction reaction. The elimination reaction channel is present in Figs. 6͑a͒ and 6͑b͒ as can be seen with a slight 55-70 kcal mol −1 ͑yellow contour͒ indentation in the surfaces near the O-atom of the reactant H 2 O. In contrast, the previous surfaces ͑d͒ and ͑e͒ have a repulsive wall blocking the elimination reaction channel. As mentioned above, neither S3 surface has an elimination pathway. The current PESs have a smoother appearance than our earlier work. For example, given the attacking oxygen at the location ͑Ϫ3, 3͒   FIG. 4 . Contour plots of the O͑ 3 P͒ +H 2 O͑ 1 A 1 ͒ → H͑ 2 S͒ + OOH͑ 2 A͒ reaction. The S1, S2, and S3 state results for the CASSCF+ MP2 calculations are given in ͑a͒, ͑b͒, and ͑c͒, respectively. The S1, S2, and S3 state results for the fitted PESs are given in ͑d͒, ͑e͒, and ͑f͒, respectively. The geometry is defined according to the TS5 transition state shown in Fig. 1 . The R3 ͑abscissa͒ and R2 ͑ordinate͒ are varied to produce the energy contours. The energy zero corresponds to the equilibrium geometry of the separated O+H 2 O͑ 1 A 1 ͒ reactants.
FIG. 5. The potential energy contours in Jacobi coordinates: ͑a͒ the S1, ͑b͒ the S2, and ͑c͒ the S3 electronic states of the PES of the current work; ͑d͒ the S1, ͑e͒ the S2, and ͑f͒ the S3 electronic states of Ref. Ј is the angle between r 2 Ј and R. All atoms are in the same plane, and the inset in ͑f͒ is not to scale. From the TS1 geometry given in Fig. 1 , on the S1 surface, the current PES, Fig. 6͑a͒ , has a smooth transition from the highly repulsive to less repulsive region. This difference could be due to the fact that the surfaces of Ref.
12 use a spline function designed to go through all the calculated points as opposed to the present procedure which uses basis functions of internuclear distance. The spline-fits, although by definition highly accurate in fitting the ab initio points, will be sensitive to the tightness of the convergence of the ab initio electronic energies and in regions where the potential changes quickly may require a very high density of points to ensure that the potential is followed smoothly.
III. DYNAMICS RESULTS
A. Rate constants
Variational transition state theory rate constants were calculated for the fitted PESs using POLYRATE. 27 Results were obtained over the temperature range of 500-4000 K in steps of 500 K for hydrogen abstraction and 1500-4000 K in steps of 500 K for hydrogen elimination, as shown in Fig. 7 . To determine the total rate constant, the contributions from each electronic state are divided by three ͑the degeneracy factor͒ then summed together. As mentioned above in the discussion of the surface fit, we assumed no electronic coupling between surfaces, and we have not included quantum corrections to the rate constants. For the abstraction reaction, results using the previous surfaces of Ref. 12 as well two experimental measurements from the literature 28, 29 are also plotted. In general, the agreement between all these results is within a factor of 2 for abstraction. The rate constant results further validate the barrier height of the abstraction reaction using the PES. For the elimination reaction, the present results are shown along with the results of the calculation of Karkach et al., 14 where each result has been multiplied by 1000 for ease of visualization. The only reported experimental rate constant is at 298 K, 30 where it has a value of 10 −52 cm 3 molecule −1 s −1 compared with the present result of 10 −56 cm 3 molecule −1 s −1 . In Table III , we present the total rate constants for the hydrogen abstraction and elimination reactions determined by the present surfaces and fit to an Arrhenius form.
B. QCT calculations
QCT simulations are performed using the fitted PESs interfaced to the classical trajectory code VENUS. 31 In the simulations, the initial orientation of the O + H 2 O complex was randomly chosen according to Ref. 32 with an initial O-H 2 O separation of 17.0 a.u. and a maximum impact parameter of 7.56 a.u. The H 2 O molecule is set to the ground vibrational state, i.e., the quantum state of each normal mode is set to the ground state with zero rotational angular momentum. The simulation time step was 1 ϫ 10 −16 s and each simulation was run until the reaction product or inelastically scattered reactant separation was 17.0 a.u. 100 000 trajectories were run for each triplet electronic state surface and for each collision energy. The collision energies were 16.2, 25.3, 36.4, 49.6, 64.8, 82.0, 101.2, and 122.5 kcal mol −1 , equivalent to collision velocities of 4, 5, 6, 7, 8, 9, 10 and 11 km s −1 , respectively. At the highest collision energies, fragmentation of the OOH was possible for elimination reactions, but we did not follow the trajectories long enough in time to observe this.
The total cross sections averaged over the three electronic surfaces for the abstraction ͑black lines͒ and elimination ͑red lines͒ reactions are plotted as a function of collision energy in Fig. 8͑a͒ . For this work ͑filled circles͒, the hydrogen abstraction reaction reaches a cross section of approximately 1 a.u. by 64.8 kcal mol −1 ͑8 km s −1 ͒. In contrast, the elimination reaction ͑red, filled circles͒ is not observed until 64.8 kcal mol −1 . At this collision energy, S1 state trajectories which can borrow some internal energy from the reactant zero point vibration begin to contribute to the cross section. The elimination cross section has a steep increase from threshold, allowing the elimination and abstraction channels to be competitive near 80 kcal mol −1 collision energy, close to the S2 elimination threshold. At the highest collision energy, the cross sections for the two channels are nearly equal. Our previous results 12 ͑filled triangles͒ and B3LYP density functional direct dynamics results of Ref. 7 ͑filled squares͒ are also plotted in Fig. 8͑a͒ . In general, the abstraction cross TABLE III. Reaction rate constant parameters for the hydrogen abstraction and elimination reactions fit to the Arrhenius equation, k͑T͒ = A͑T / 298͒ n e −E a /RT for the computed reaction rates in the temperature range of 500-4000 K for OH+ OH products and 1500-4000 K for H + OOH products. 
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section from the current work is approximately a factor of 1.5 less than our previous calculations 12 at the highest collision energies studied. We will discuss the factors affecting the cross section differences for these surfaces in greater depth below. The B3LYP OH+ OH direct dynamics result of Ref. 7 is approximately a factor of 4 greater than the cross section of the present work. This may be due to the fact that the direct dynamics simulation of Ref. 7 has a lower barrier for the OH reaction channel compared to the present PES. In Ref. 7, the reaction barrier is not directly given but approximated as the OH reaction energy, 14.6 kcal mol −1 ͑11.8 kcal mol −1 including zero point energy͒. Zheng et al. 33 have also previously noted the underestimation in barrier height using B3LYP. The differences between the cross sections may also be due to the electronic state averaging in the present simulations, which may not have been taken into account in the B3LYP single surface results. For the hydrogen elimination reaction ͑red lines͒, the results of the current work ͑filled circles͒ are plotted with the B3LYP computation ͑filled squares͒ and experimental results ͑open diamonds͒ of Ref. 7 in Fig. 8͑a͒ . Near threshold, where the cross section is low and steeply rising, there is a factor of ϳ5 difference between the present results and the B3LYP results. This difference diminishes until at 120 kcal mol −1 both results have nearly the same value. The experimental results are scaled with a constant factor to match our current computational elimination cross section results at approximately 64.8 kcal mol −1 . There is good agreement between the steep rise near threshold of the experimental and both theoretical results. For the present calculations, the cross section statistical uncertainty is fairly small, with a standard deviation of approximately 0.003 a.u. near the reaction thresholds and 0.01-0.06 a.u. at the highest collision energies.
The current cross sections of the hydrogen abstraction ͑black lines͒ and elimination ͑red lines͒ reactions separated into electronic state contributions are shown in Fig. 8͑b͒ , without the factor of 1/3 used to state average the results shown in Fig. 8͑a͒ . The S1 state results are plotted with solid lines, the S2 results are plotted with dashed lines, and the S3 results are plotted with dotted lines. The S2 begins to contribute to the elimination cross section above 82 kcal mol −1 , or 9 km s −1 , in accordance with the activation barrier for this reaction on this excited surface. By 122.5 kcal mol −1 , the S2 state elimination cross section is approximately half of the S1 state. For the hydrogen abstraction cross section, the S1 state is the largest contributor throughout the range of collision energies examined. While there is an appreciable abstraction cross section for the S2 state, it is approximately a factor of 5 less than the abstraction S1 state. For the S3 state at collision energies below 64.9 kcal mol −1 ͑8 km s −1 ͒, the abstraction cross section is lower than the abstraction cross section for S2 state. Above that energy, the S3 abstraction cross section increases dramatically and becomes an appreciable part of in the total cross section.
The competition between the reactive pathways and, in particular, the role of the S3 surface in the abstraction reaction at high collision energies can be further examined through the opacity function, P͑b͒. The opacity function has the following relation to the total reactive cross section: =2͐ 0 b max P͑b͒bdb, where b is the impact parameter. In  Fig. 9͑a͒ , the opacity functions for the abstraction ͑black͒ and elimination ͑red͒ reactions are plotted versus impact parameter in a.u. using the current PESs at the highest collision energy examined, 122.5 kcal mol −1 . Near-zero impact parameters b correspond to O-atom attack on the H 2 O O-atom and geometries which favor the elimination channel. Impact parameters of 2.0 a.u. and greater correspond to O-atom approaches toward the H 2 O hydrogens, which favor the abstraction channel. The S1 state results are plotted with solid lines, the S2 results are plotted with dashed lines, and the S3 results are plotted with dotted lines. For the S1 and S2 surfaces, as the impact parameter becomes smaller than 2 a.u., there is an increasing probability of reaction for the elimina- tion reaction. For the abstraction reaction, the opacity function decreases with impact parameters less than 2 a.u. for the S1 and S2 states, and remains constant on the S3 surface. A significant probability for the abstraction reaction with small parameters on the S3 surface is the result. At larger impact parameters, especially between 2 and 3 a.u. for the S1 surface, more glancing collisions are likely which favor the hydrogen abstraction reaction. The opacity function also highlights the differences between our previous 12 and current calculation of the OH cross section shown in Fig. 8͑a͒ . In Fig. 9͑b͒ , the opacity function is given versus impact parameter using our previous OH+ OH trajectories at 122.5 kcal mol −1 . 12 Since the elimination reaction is not included in the previous PESs, the abstraction reaction probability is significant at impact parameters below 2 a.u. on the S1 and S2 surfaces. Therefore, a larger total cross section for the OH reaction channel is obtained in our previous results at these high energies.
In addition to the opacity functions, flux-velocity contour maps provide insight into the competition between abstraction and elimination channels as well as direct collisional excitation of H 2 O. They may also be used as a guide for future hyperthermal measurements of the O + H 2 O collision system. Flux ͑velocity-angle͒ contour maps constructed from the present QCT simulations are given in Fig. 10 , where the differential cross sections ͓in units of cm 2 ͑sr cm s −1 ͒ −1 ͔ are given as a function of velocity in cm s −1 in a center of mass system where the origin corresponds to zero kinetic energy of the collision products. In Fig. 10͑a͒ , the flux contour of the OOH radical is shown at a collision energy of 122.5 kcal mol −1 ͑11 km s −1 ͒. A majority of the OOH back scatter toward the atomic oxygen as would be expected from direct O-atom attack on the H 2 O O-atom. Similar flux for the elimination channel was observed in the direct dynamics calculations of Schatz and Minton. 7 In Figs. 10͑b͒ and 10͑c͒ , the flux is given for the "active" OH product in the abstraction pathway, which contains the attacking atomic oxygen. At a collision energy of 49.6 kcal mol −1 ͓Fig. 10͑d͔͒, the OH product tends to back and side scatter which is expected from the transition geometry of TS1. However at a higher collision energy of 122.5 kcal mol −1 , Fig. 10͑c͒ , the active OH forward scatters. This scattering angle can be attributed to a "stripping" mechanism as had previously been identified for high energy O-H abstraction reactions. 10, 34 At 122.5 kcal mol −1 , we note that the OOH backscatters while the OH forward scatters. In addition to the reactive channels, inelastically scattered H 2 O will play a significant and perhaps dominant role in the radiation observed in O + H 2 O collisions. In ͑d͒-͑f͒, we present differential cross sections of inelastically scattered H 2 O on a log scale with respect to the velocity components at collision energies of 16.2, 49.6, and 122.5 kcal mol −1 , equivalent to collision velocities of 4, 7, and 11 km s −1 , respectively. As expected, there is a large number of near miss, low scattering angle trajectories ͑red contour͒. However, there is also significant collisional excitation. For example at 16.2 kcal mol −1 , where the reactive cross section is low as shown in Fig. 8͑a͒ , many of the trajectories with small impact parameters and large scattering angles will inelastically collide and excite the H 2 O. This internal excitation is shown in Fig. 10͑d͒ with a distribution of cross sections at various radii from the origin. For example, at this collision energy, the total cross section for H 2 O with internal energies greater than 20 kcal mol −1 is 9.1 a.u. Likewise at the higher collision velocities shown in Figs. 10͑e͒ and 10͑f͒ , there is a distribution of H 2 O cross sections at various translational radii which gives rise to internally excited H 2 O. In comparison to the lower 16.2 kcal mol −1 collision energies, the total cross section for H 2 O with internal energies greater than 20 kcal mol −1 are 28.1 and 37.9 a.u. for collision energies of 49.6 and 122.5 kcal mol −1 , respectively. A detailed examination of the internal energy distributions of scattered H 2 O, OH, and OOH will be presented in future work.
IV. CONCLUSIONS
Electronic structure calculations were performed at the CASSCF+ MP2 level with an O͑4s3p2d1f͒ / H͑3s2p͒ one electron basis set on the O͑ 3 P͒ +H 2 O͑ 1 A 1 ͒ collision system. Approximately 10 5 geometries were used to fit the three lowest triplet adiabatic states corresponding to the triply degenerate reactants. The method of Bowman and co-workers, 16, 17 which includes all nuclear degrees of freedom, and where the interchangeability of like-atoms is built into the functional form of the potential, was used to fit the ab initio points. Each surface is treated independently. The OH+ OH abstraction and H + OOH elimination reactions were included in the surface fits. With these fitted surfaces, variational transition state theory was used to determine rate constants leading to OH+ OH and H + OOH which compare favorably to literature values. We have also computed cross sections using quasiclassical trajectories for production of OH+ OH and H + OOH from threshold to ϳ120 kcal mol −1 ͑ϳ11 km s −1 ͒. For the OH+ OH channel, the present results are about a factor of 4 lower than those reported by Brunsvold et al. using B3LYP density functional direct dynamics on a single surface and about a factor of 2 lower than our previous results 12 which used fitted surfaces only for the OH+ OH channel. For the H + OOH channel the present results are about a factor of 4 less than the B3LYP direct dynamics cross sections of Brunsvold et al. 7 at threshold and are similar at higher energies. The present H + OOH results have good agreement with molecular beam measurements 7 for the relative cross section. We have also examined the opacity function for reaction on each of our fitted surfaces. These opacity functions highlight large differences in the contributions of each of the electronic triplet states, especially at higher energies where the OH+ OH and H + OOH channels are competitive. Finally, we have determined flux-velocity contour maps at selected energies leading to H 2 O collisional excitation, OH+ OH, and H + OOH. These maps show the large differences in angular scattering and mechanism between the two reactive channels, and may also serve as a guide to future hyperthermal laboratory measurements of these quantities. Taken together, we believe the present surfaces should be able to quantitatively model O + H 2 O collision processes from threshold to ϳ120 kcal mol −1 and probably up to 150 kcal mol −1 . Future work will investigate the detailed dynamics and product distributions using these surfaces.
